(N 

o 

(N 

>.: 



o 



Unconstraining the Unhiggs 
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We investigate whether or not perturbative unitarity is preserved in the Unhiggs model for the 
scattering process of heavy quarks and longitudinal gauge bosons qq — >■ Vj^V^ . With the Yukawa 
coupling given in the original formulation of the Unhiggs model, the model preserves unitarity for 
Unhiggs scaling dimensions d < 1.5. We examine the LHC phenomenology that is implied by the 
Unhiggs model in this parameter range in detail and discuss to what extent the LHC can test 
d if an excess is measured in the phenomenologically clean ZZ channel in the future or if the 
LHC measurement remains consistent with the background. We then make use of the AdS/CFT 
correspondence to derive a new Yukawa coupling that is conformally invariant at high energies, and 
show that with this Yukawa coupling the theory is unitary for 1 < d < 2. 



I. INTRODUCTION 



Gcorgi [l|, y] , introduced a new approach to studying conformal sectors by specifying the two-point functions of 

scalar fields with a scaling dimension between one and two. Since the phase space for these fields resembles the phase 

space of a fractional number of particles, Georgi termed them "unparticles" . Subsequently, efforts were made to gauge 

i-C . unparticle actions in a consistent way [3| so that unparticles could be given Standard Model (SM) gauge quantum 

*~^' numbers. This also necessitates the introduction of an IR cutoff for the unparticle sector jj-Q so that there are no new 

fS |. massless modes, which would dramatically alter low energy phenomenology. Reference [6[ introduced the Unhiggs as 

D ■ a way to break electroweak symmetry via an unparticle (see [3, Q for work on related ideas) . The Unhiggs has the 

y^, | same gauge structure as the SM Higgs with a scaling dimension d and an IR cutoff ^. The effects of an Unhiggs on 

precision electroweak measurements have been studied in detail [9|, |lO| , and the model is consistent with the current 

fSJ I data. In 0, it was demonstrated that like the SM Higgs, the Unhiggs unitarizes WW scattering and also that the 

I> . Unhiggs can help ease the Little Hierarchy Problem. Reference [ll[ began to look into phenomenological aspects of 

Cn ' the Unhiggs model, specifically the top quark decay t -^ W~^b. Due to the fact that the longitudinal W bosons are 

affected by the electroweak symmetry breaking sector, the fraction of emitted longitudinal W bosons is different in 

the Unhiggs model than it is in the SM. This information was used, along with CDF data and upcoming anticipated 

Large Hadron Collider (LHC) data, to put current and expected bounds on the (/i, d) parameter space in the Unhiggs 

^^ ' model. In this paper we comment on the LHC phenomenology of the Unhiggs model in the parameter range d < 1.5 

p^ [ and return to a more theoretical aspect of the Unhiggs model, that of perturbative unitarity for d > 1.5. 

We examine to what extent the Unhiggs can be constrained, ruled out or even measured statistically significant at 
the LHC if d < 1.5 in the heavy mass region. This is the mass range where Higgs decays in the SM are dominated 



by decays to massive gauge bosons. It is difficult to get around the current exclusion bounds IJI in this channel as 

k> ' a consequence of electroweak symmetry breaking [I3, which guarantees T{H -^ ZZ) ^ m^/m?^; for m^n fi '^rnz- We 

; I , will see that the Unhiggs model is an efficient realization of such a hiding mechanism, and from this point of view 

C^ ' the Unhiggs phenomenology in the clean ZZ — > 4£ final state is especially interesting to reinterpret the current and 

future bounds on SM-like production |14| - KLg | . 

For the parameter choice d < 1.5 we can expect a valid effective theory description by the Unhiggs model up 
to several TeV Q- We will see that a non-observation of the Higgs boson can be consistently interpreted in this 
model. Increasing d beyond 1.5, we show that the Yukawa coupling in the original formulation of the Unhiggs [y], 
which explicitly breaks the conformal symmetry, is the root cause of unitarity violation in massive quark scattering 
qq — ?> W~^W~ . We show analytically that this "non-conformal" Yukawa coupling is not sufficient to preserve unitarity 
for values of the scaling dimension d greater than 1.5. To preserve unitarity, we need to derive a form of the Yukawa 
coupling which resp ects the conformal symmetry of the model. We accomplish this by appealing to the AdS/CFT 
correspondence [13|, considering an AdS dual to the Unhiggs model. Once gauged, this "conformal" Yukawa coupling 
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will also necessitate the presence of terms in the Lagrangian with arbitrary numbers of gauge bosons. Taking these 
new terms into account, we find that unitarity is indeed preserved for all values of d in the range 1 < d < 2. 

II. MIXED YUKAWA-GAUGE SECTOR THEORY AND PHENOMENOLOGY 

A. Remarks on perturbativity for 1 < d < 1.5 

We show first that the Yukawa coupling in [6| which is the most naive extension of the SM Yukawa coupling to an 
unparticle, is sufficient to preserve perturbative unitarity in the scattering process tt — ^ VlVl {V = W^, Z). We will 
assume the scattering particles are top quarks, but the same general analysis follows for the other SM fermions as well. 
In the SM, there are four tree level diagrams contributing to tt — > WlWl- These diagrams involve exchange of an 
s-channel photon, an s-channel Z boson, a t-channcl bottom quark and an s-channel Higgs, and all have an analog in 
the Unhiggs model (see figures [T] and [2]). The three diagrams in figure [T] that do not contain an Unhiggs have the same 
amplitude as in the Standard Model. This is obvious for the diagram with the i-channel bottom exchange because 
the bottom-top- 14^ vertices as well as the bottom propagator are completely independent of the EWSB sector. 

The s-channel photon and Z diagrams also yield the same amplitudes as in the SM, although it is not as obvious, 
because not only are their propagators different in the Unhiggs model, but there are additional vertices not present 
in the SM which would seem to contribute new diagrams to the scattering amplitude. First we will address the 
propagators. The photon and Z propagator in the Unhiggs model are both of the form 



^ii')-::2-Tqi9,^-f(i')<i'i'') (1) 



g2 - Mj 



The function f{q^) is different for the photon and Z, and both are different from their counterparts in the SM. These 
functions are given in [6|, but their actual form is unimportant because we will show that any term proportional to 
q^q'^ in the propagator disappears in the amplitude for the s-channel exchange diagram. By contracting the second 
term in the propagator with the W^W^A or W^W~Z SM vertex and the polarization vectors, we find that both 
amplitudes are proportional to 

M D J^f'q^q, [{q + k+fg^" + (fc" - k+f g'^^ - {q + k-^g^^] ex{k-)e^{k+) (2) 

where k^{k^) are the momenta of the M^+(TU^) bosons, and F^ is a Dirac chain representing the rest of the amplitude. 
Using q ^ p + p' = (2i?, 0,0,0), where p, p' are the quark momenta ( cf. Fig. [1]) , we find that 

q ■ (k- - k+) =0 (3) 

q-s{k-)=2E^/Mw (4) 

q ■ e(k+) =2E^/Mw (5) 

{q + k+) ■ e{k-) =AE^/Mw (6) 

{q + k-)-e{k+)=AE''/Mw. (7) 

Plugging in, this gives us A^ ~ E^ /M'^[8 -1-0 — 8] =0. Thus, the part of the propagator proportional to g^g^, does 
not contribute to the amplitude and therefore the fact that the functions /(g^) are different in the Unhiggs model 
and the SM does not affect the amplitudes. 

Next we must address the fact that there are new vertices in the Unhiggs model which naively contribute to the 
s-channel photon and Z amplitudes. Because of the non-local kinetic term in the Unhiggs model, there are vertices 
with two Unhiggs and arbitrary numbers of gauge bosons. Specifically there are W~^W~AHH and W'^W~ ZHH 
vertices, and upon taking the Unhiggs to VEVs, these new three gauge boson vertices contribute to the amplitudes 
for the s-channel scattering processes. However, by using the method of gauging non-local Lagrangians given in [20[, 
we find that these vertices contain only terms proportional either to /cTJ" and/or k~ . Upon contracting these vertices 
with the polarization vectors e^{k~^) and e^{k~) the amplitude vanishes. Therefore, the amplitudes resulting from 
the three diagrams shown in figure [1] all take the same values as in the SM. 

The results for these amplitudes in the SM are given in [2l|. The cases where the top and anti-top have opposite 
helicities are not of interest because the Unhiggs exchange diagram is only non-zero when the helicities are either both 
right-handed or both left-handed. In other words, in the cases with opposite helicity, the three non-Higgs diagrams 
are all that is needed to preserve unitarity. In |2l| it is indeed explicitly shown that these three diagrams conspire 
together to cancel all terms which are proportional to positive powers of the center of mass energy ^/s. As for the 
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FIG. 1: The three diagrams not involving the Unhiggs. 
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FIG. 2: The s-channel Unhiggs exchange diagram. 



cases where the hehcities of the top and anti-top are the same, the results are also given in [21| . We will write the 
results for the top and anti-top having right-handed hehcities here for future reference, keeping only the terms which 
grow with energy. 
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where 9 is the angle between the outgoing top quark and Wj^ . Adding these three contributions, we get 

M~f+z+b.RR = V2GFmt\/s . 
In the Standard Model, the s-channel Higgs exchange diagram is given by 

Mh.rr = -V2GFmt\/s. 



(8) 

(9) 
(10) 

(11) 
(12) 



The cases with both particles left-handed is identical other than an opposite overall sign. We will therefore consider 
only the right-handed case for the rest of the paper with no loss of generality. Clearly in the SM the terms which 
grow with energy cancel once the Higgs exchange is included. 



The Unhiggs exchange diagram 

We now show that the Unhiggs exchange diagram in figure ^ using the naive "non-conformal" Yukawa coupling 
from [6|, is not sufficient to preserve unitarity for the entire range of d, 1 < d < 2. The Yukawa term in the Lagrangian 
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FIG. 3: The W'^{myi/)W {raw) ~^ tt cross section for different values of the Unhiggs scaling dimensions d. 



in the original paper is given by 



C 



Y,NC 



-^ttR 



W ft 



A-^-i \b 



h.c. 



(13) 



where the "NC^^ stands for non-conformal. This Yukawa coupling is identical to that in the SM other than dividing 
by a power of the UV cutoff A which compensates for the fact that the Unhiggs doublet has dimension d instead of 
one. This leads to a coupling between the physical Unhiggs and it given by 
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The W'^W^ H vertex, when contracted with the polarization vectors, is given by [6[ 

z<?2r+-^'^e^(fc-)e^(fc+) = i^e(fc-) • e(fc+)/C(0, fc" + k+) 



where 

/C(0,fc- + 
and the Unhiggs propagator is given by 

A„{s) = 



ip^-sf-'^-ip^) 
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(14) 
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Putting all of this together, the amplitude for the s-channel Unhiggs scattering (with helicities unspecified for now) 
is then given by 



iMh.nc = i9''v{p')^Yu{p)AH{s)T+~>'''e^{k-)e,{k+) 



(19) 



where p and p' are the momenta of the incoming t and t quarks respectively. After specifying the helicities (both 
right-handed) of the fcrmions and the polarizations (longitudinal) of the M^s, we find that in the limit that s 3> -Af^, rn^ 
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Finally we add this to the contribution to the amplitude from the other three diagrams given in Eq. (|11[) to get 
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Wc can now safely take the limit s :^ fi^, m? which yields 

Mnc = V2GFmtm4-2rf(_i)rf-2sd-3/2 (22) 

The amplitude is an increasing function of s for d > 1.5, with the consequence that unitarity is not preserved in this 
process for d > 1.5 (figure [3]). 

B. Elements of Unhiggs phenomenology at the LHC for 1 < d < 1.5 

In this section, we comment on the collider phenomenology that arises from the modified Yukawa and gauge sector 
of the Unhiggs model in the parameter range 1 < d ^ 1.5. There are two sources of potential deviations of the Unhiggs 
scenario from SM-like production due to the underlying conformal structure of the symmetry breaking sector, which 
can be accessed in production processes of massive electroweak bosons @ : 

1. By eating a continuum Goldstone boson, the phase space of the longitudinal W receives a continuum contribution 
above the conformal symmetry breaking scale ^, 

d<^w = 27r0(g") 6{q^ - ml.) + 6{q^) B{q^ - p?) /(g^) , (23a) 

where 

^ -2(2-rf)M^"^'^sin(7rrf)(g^~M^)^-'^ 

2. The Unhiggs, the W, Z propagators and the trilinear HZZ and HWW vertices are modified with respect to the 
SM, yielding, e.g., 
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where y/s is the partonic center of mass energy as usual. Note that for d = 1 we have a /a° = 1. 

We include both effects in figure SI which compares gg -^ H ^ ^l^l i'^ ^he Unhiggs scenario and the Standard 
Model (SM) at the parton level for the typical scales which are probed at the LHC. We do not include the parton 
distribution functions at this point to make the comparison more transparent; comparing the main production mode 
contributing to the pp -^ VV + X cross sections at the LHC for Unhiggs and SM production, the gluon parton 
distribution have no phenomenological impact since they are identical. Integrating over the partonic energy fractions 
in computing the hadronic cross section, characteristics of comparison such as the dip for ^/s ^ ji are completely 
washed out. 

The cross section qualitatively follows Eq. ([24|) with the continuum contributions of Eq. ([23l) ranging at the percent- 
level for fully- inclusive production. An important feature of Unhiggs production pp ^ H is that, with respect to the 
SM, the cross section decreases for scaling dimensions d > I. This is a consequence of the Unhiggs' gauge interactions 

CDH^D>'D^ + H^y~''H, (25) 

where Z?^ denotes the familiar SU{2)l x U{1)y gauge covariant derivative. Consequently, the gauge interactions of the 
Unhiggs can be dialed away by increasing d while keeping the W and Z masses fixed. This can lead to a qualitatively 
different phenomenology compared to SM gluon fusion: the total Unhiggs cross section can remain small even if large 
corrections from strong interactions [2^ are taken into account. At the same time, however, the Unhiggs branching 
ratios to massive gauge bosons decrease and, depending on the Higgs mass region, the Unhiggs can avoid the current 
LHC bounds QO- 

The phenomenology of longitudinal polarizations of the massive Ws and Zs probes the mechanism of electroweak 
symmetry breaking and is generically buried in a much larger transversely-polarized V spectrum. The longitudinal 
polarizations can, in principle, be extracted by exploiting the Vl's characteristic decay and radiation pattern. While 
these effects are well-investigated for weak boson fusion (WBF) [2^ where they have motivated a central jet veto to 
enhance longitudinal over transverse polarizations j24| , only recently in Ref. [25| similar concepts have been applied 
to final state jet correlations in the context of subjet analyses. In total, however, getting a handle on the longitudinal 
part of the massive weak bosons remains an experimentally as well as theoretically ambitious task at hadron colliders. 
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FIG. 4: Comparison of Unhiggs production and decay via gluon fusion, gg —)' H —>■ W~^W for different values of 
the Unhiggs scahng dimension d < 1.5 for identically chosen widths, ^/s denotes the partonic center of mass energy. 



Applied to our case, the effect of Eq. ([25)1 amounts to measuring a small excesses over the SM expectation in the 
invariant VlVt,VlVl mass tails. Eventually, this becomes a hopeless endeavor at hadron colliders once theoretical 
and experimental systematic uncertainties of both the signal and the background of the order of a few percent are 
properly taken into account. Hence, in the actual experimental analysis, the focus is on reconstructing the unitarizing 
resonance mass. To dig out a resonance from a large continuous background we have to reconstruct the heavy gauge 
boson masses from their decay products. This is achieved by requiring the V decay product candidates to recombine 
the V mass within a certain mass window, which is essentially set by the experiment's resolution (see Refs. [2g-28]). 
This eventually removes the reducible backgrounds to a large extent, but also the continuum contribution in Eq. (|23p 
is excluded from the experimentally observed signal cross section due to the imposed selection criteria on either the 
fully-reconstructed invariant mass distribution or the transverse mass distribution of the partially-reconstructed final 
states {e.g. by projecting on events around the jacobian peak in the transverse cluster mass |24| ) . 

As a consequence of the unitarization of the longitudinal VV {V = W, Z) scattering amplitudes as demonstrated 
in Ref. [y], the phenomenology of WBF processes [2J, [29[ remains unmodified over the entire parameter range in 
{d, HjUIh), except for the Higgs width modifications (see below). This directly follows from the comparison of the 
unpolarized WW — >■ WW cross section in figure [SI where we plot the cross sections for identically chosen widths to 
make the comparison more transparent. Indeed the Unhiggs width does depend on the chosen values of d and fi (see 
below) but we will not discuss this in the context of WBF in more detail. Modified Higg s widths and the resulting 
modified cross sections with respect to the SM in WBF have been studied in e.g. Ref. [30] ■ 

The WW scattering cross section can be straightforwardly generalized to WBF with leptonic final states in the 
effective W approximation |3l| . There is no quantitative modification when abandoning the effective W approximation 



10^ 



10^ 



10" 



10-1 



m,, = 120GeV, d = 1 

m.fe = 120 GeV, /i = 300 GeV, d = 1.5 

rrih = 1 TeV, d = 1 

nih = 1 TeV, /i = 3 TeV, d = 1.7 




■****.«»,* 



0.5 



1.5 2 2.5 

Vi [TeV] 



3.5 



FIG. 5: Comparison of W~^ {inw)W~ {mw) -^ W~^ {m\Y)W~ {mw) cross section for Unhiggs production (lines) and 

in the SM (points and crosses). For comparison reasons we plot the cross section for identical widths. The cross 

section is to be understood as the double-pole part of the phase space integration Eq. ([^5|) , which reflects the 

experimental situation after reconstructing the final state Ws. 
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FIG. 6: Invariant four lepton mass in pp — >■ ZZ + X ^ 41 + X at the LHC {^/s = 14 TeV) for the reconstruction 
requirements quoted in the text. We overlay the different signal hypotheses for comparison. 



in favor of the full WBF matrix element in the Unhiggs scenario for, e.g. pp —?' 2j2t$rp. The VF, Z propagators in the 
Unhiggs model show modifications compared to the SM only in terms proportional to the four momentum, Eq. ([T|). 
Hence, potential modifications are parametrically suppressed by contracting the W, Z with light fermion currents in 
the full 2 — )- 6 WBF topologies [33 • This also accounts for the SM backgrounds to (Un)IIiggs production. 

Hence, we focus in the following on gluon fusion as production mode and consider decays H — ^ VV . This channel can 
be separated from WBF by imposing jet vetos. Nonetheless, since WBF phenomenology remains largely unmodified 
for d > 1 we can use the WBF channel to cross check the gluon fusion results and further constrain the Unhiggs 
scenario. Gluon fusion provides the largest production cross section for Higgs boson measurements at the LHC. 
Gonscqucntly, gg —^ H has received lots of attention from the phenomenology community (see 6.17. Refs. [22|, |33| for 
an overview). Along with the measurement of the Higgs branching ratios to massive gauge bosons, it provides a 
channel to study the interplay of the Yukawa and the gauge sectors* . This way we can experimentally infer deviations 
from the predicted SM rate, which naturally arise in the Unhiggs model. 

As we will see, due to Eq. ([25]) . putting stringent bounds on the Unhiggs parameters (d, /i,m_y) benefits from a 
clean environment and a very good background estimation. Quoting reliable confidence levels and discovery reaches 
therefore requires the inclusion of all contributing experimental uncertainties and H — > ZZ provides a best-case 
channel to distinguish the SM Higgs from an Unhiggs. In order to minimize the impact of experimental systematics 
on our results we therefore investigate the mass regime mn ^ 2mz with the Higgs decaying fully leptonically via two 
Zs in detail in this section. This so-called "gold-plated mode" offers the cleanest environment to study the Higgs 
sector's anatomy, with only minimal impact of experimental uncertainties 13411 . We note for completeness that Higgs 
properties can also be investigated with a boosted semi-hadronic final state |27| . The generalization of our results to 
fully leptonic WW and semi-hadronic WW and ZZ final states is straightforward. 

In figureiniwe exemplarily compare the ZZ production (with leptonic decays) for SM Higgs and Unhiggs production 
for niH = 250 GeV, n = 350 GeV, and d = 1.05, 1.5 and d — 1.0 (the SM Higgs) For details of the analysis see 
below. In this mass region, the LHC collaborations have become sensitive to SM-like cross sections recently [IJl and 
we take this as an additional motivation to discuss the phenomenology that is implied by the Unhiggs scenario for 
the eventual high energy LHC run with a target luminosity of £ ~ 300 fb~ per experiment in this clean channel. 

We adopt the fixed- width complex mass scheme [3a] to model the Higgs width. For larger d and fi in Eq. (|25p . the 
Unhiggs decouples rapidly from the final state gauge boson's phenomenology. At the same time the width decreases 
significantly for the chosen physical Unhiggs mass. With the mass of the W boson in the Unhiggs model [y] the width 
scales with respect to the SM Higgs boson width 
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'E.g. by comparing to WBF as a purely olectrowcak production mode, which is also unaltered in our case, except for the modified Higgs 
width. 
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167r5/2 T{d+ 1/2) 
(27r)2rfr(d-l)r(2d) 
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Note that the Unhiggs width has mass dimension one for arbitrary values 1 < d < 2, and we recover pUnh^pSM _ ^ 
upon taking the hmit d -> 1. 

In fact, this is a very good approximation because we have mn < /i in such a way that the Wl and Z^ boson can 
not access the continuum phase q^ > fj,"^ in Eq. ([231). Indeed a large fj. for fixed d is preferred by electroweak precision 
constraints [Ifll, however the phenomenology is largely independent of fi Eqs. (f23| .(f24 |) . (f26|) . For the computation 
of figure HI we found that the continuum leaves minor modifications in only the longitudinal components. Therefore, 
the above approximation should be sufficiently good to also govern the phenomenology for more general parameter 
choices if the WW and ZZ final states are the dominant Unhiggs decay channels. Furthermore, the total Higgs 
width is phenomenologically dominated by detector effects, and, hence, measurements of the absolute Higgs width 
are extremely involved at hadron colliders. In the clean H — > ZZ — > M, however the width is dominated by the 
physical one ^^. We note for completeness, that for smaller Unhiggs masses decays to fermions dominate, but also 
loop-induced decays can alter the Higgs phenomenology, especially for d > 1.5 when a modified fermion sector is 
realized. We leave a detailed investigation of this direction to future work. 

For the purpose of this section, we are predominantly interested in assessing how and if the Unhiggs can be 
discriminated from the SM Higgs or the background. We adopt the viewpoint that d is a small quantity. This implies 
physics largely consistent with the SM to our current knowledge by construction. Consequently the branch cut of the 
Unhiggs phase space is subleading and the phenomenology is mainly affected by the modified Higgs resonance. We 
do not include signal-background interference effects with continuum gg — >■ WW production [36| , which will have an 
impact in high precision studies but will be of comparable size in both scenarios. We produce signal events with a 
modified version of MadEvent [sJ interfaced with Herwig-!--!- [11] and background events with Sherpa [3§|. We 
require a minimum transverse momentum for four isolated leptons pj^ > 20 GeV and a dilepton separation in the 
azimuthal angle-pseudorapidity plane Rw > -^/A?]!^, 4- A(j)u' > 0.2. Throughout, we model finite detector resolution 
effects for leptons with a gaussian smearing by about 

AE , , 

— = 0.02 (28) 

around the central true MC value, where E is the lepton's energy [401. With an isolated lepton we mean an identified 
lepton in the electromagnetic calorimeter \'r]\ < 2.5 with a hadronic energy deposit of smaller than 10% of the leptons's 
transverse momentum in a cone of size 0.3 around the lepton. The leptons are required to reconstruct the Z mass 
within a 10 GeV window with same flavor and opposite charge. 

In the actual experimental analysis the normalization of the distributions in the theoretically challenged pp —>■ VV 
production channel ^l| is preferably extracted from data in control regions [12, |42| . The observed signal cross section 
is then a function of the background extrapolation. In order to be more realistic when testing the different hypothesis 
we conservatively account for higher order QCD corrections by including a total /'C-factor K = 2 for both signal and 
background^ 

We can already draw a few quantitative conclusion from figurelHl Measuring a SM Higgs-like excess in the considered 
mass range allows us to tightly constrain the (d, /x,TO_y) parameter range already with low statistics. The smaller 
width at a lower physical Unhiggs production cross section leaves a narrow resonance which is washed out by detector 
and mass resolution effects. A precise determination of d > 1 for flxed fi and a statistically established resonance 
requires larger integrated luminosities. We discuss how this is quantitatively reflected in the full statistical analysis 
in the next section. 

Hypothesis testing: Towards exclusion or discovery 
To study these implications on a quantitative level we perform a log-likelihood shape comparison of the various 



hypotheses that are depicted figure [Hj This is a standard method in the post-LEP era 4Jj which allows to compute 
confidence levels in a modified frequentist approach |45| . 



'It is know from the literature that pp — >■ VV l4ll| receives large corrections C?(50%) at NLO QCD. NLO corrections to pp -^ VV+jet 1431 . 
which is a part of the NNLO VV production cross section is again large ~ 50%. The higher order corrections to Higgs production are also 
sizable 1231 . In total higher order corrections have significant impact on our search. 



0.001 



±2(7 

ilo- 
exp. background 










0.1 



0.01 




0.001 



(i = 1.3, fi = 350 GeV 

±2cr 

±lcr ^^ 

exp. background 

100 200 300 400 

C [fb-i] 



500 



600 



FIG. 7: Expected exclusion limit for the two Unhiggs benchmark points based on the given the background-only 

hypothesis for ^/s = 14 TeV at the LHC. 



We define the log-likelihood ratio comparing the SM (null)hypothesis with the Unhiggs (alternative) hypothesis 



Q = -21og 



L(data | Unhiggs + background) 
L(data| SM Higgs -I- background) 



L denotes the Poissonian likelihood, 



L(data I Unhiggs + background) 



iV"e- 



-N 



(29) 



(30) 



where N = (tj^"^ -|- a^^^)C is the number of expected events at a given luminosity and n is the number of actually 
observed events in the Unhiggs model. Due to the additivity of the logarithm, the extension to differential distributions 
is straightforward. In the described scenario the log-likelihood picks up sensitivity from mostly around the Higgs peak, 
giving effectively rise to the comparison of counting experiments integrated over a few bins. Potential width-induced 
modifications of the phenomenology modulo detector and resolution effects are evidently incorporated in this approach. 

According to the Neyman-Pearson lemma 1461 Eq. ([23) is the uniformly most powerful test statistic to discriminate 
between our two hypotheses (see Refs. [43, |4^ for further details and phenomenological applications). We sample 
the two hypotheses with randomly generated pseudodata, yielding probability density functions (pdfs) Q^'^^{Q) and 
Q^^(Q), for the Unhiggs and the SM distribution, respectively. From these pdfs we derive the confidence levels 
for exclusion and discovery. One main advantage of the log-likelihood hypothesis test is that there is a well-defined 
statistical notion for small luminosities which imply only a few bin counts. As already few bin entries can give rise 
to strong exclusion due to the large cross section deviations between the difi^erent hypotheses that are depicted in 
figure ini this method yields reliable results, as opposed to significances ^ signal/Vbackground, which are valid for 
large statistics. 

Exclusion limits are conventionally expressed by computing the CLg ratio [45| . i.e. 



CL. = 



CLunh 



(31) 



CLsM 

Exemplary CL5 distributions as functions of the integrated luminosity are shown in figures [7] and [5] for d = 1.05, 1.3, 
niH = 250 GeV and fi = 350 GeV. We also include the CL5 contours for the ±lcr and ±2ct edges of the respective 
null hypothesis as colored bands. These parameter choices are motivated by their preferred consistency with the SM 
Higgs-t-background and the background-only hypothesis, respectively. 

The physics community refers to the parameter interval resulting from CL5 < 0.05 as "excluded at the 95% 
confidence level" by convention [43; for CL5 < 0.05 the Unhiggs "false exclusion" 



/•OO 

CLu„h= / dQQ""'^(Q) 

J(Q)SM 

is smaller than 5% of the potential SM exclusion confidence level 

/•OO 

CLsM= / rfQQ'^^(Q), 

J(Q)SM 



(32) 



(33) 
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FIG. 8: Expected exclusion limit for the two Unhiggs benchmark points based on the given a SM-hke Higgs excess 

nuU hypothesis for ^s = 14 TeV at the LHC. 




FIG. 9: Statistical significance of Unhiggs+background vs background-only as a function of the integrated 

luminosity for d = 1.05, tuh = 250 GeV,/x = 350 GeV. 



where (Q) denotes the median of the respective sampled pdf. figurc[7]displays confidence levels of Unhiggs+background 
vs background-only, applying the identical approach. The expected alternative hypotheses' CL5 = 0.5 follows from 
Eqs. (|32|l and (|33|) . accordingly. 

Figures[7]and [8]deserve some comments. The central blue line gives CL5 as a function of the integrated luminosity, 
taking the Monte Carlo-generated data of figure IH] for the respective null hypothesis at face value {i.e. the expected 
value of CL5). The shaded bands amount to the CLg values within ±lcr and ±2a fluctuations of the background 
distribution at the given integrated luminosiW. If the null hypothesis is not disfavored, the observed CL5 value should 
fall within the shaded bands (see Ref. [ij, [lal for the CLg results of current SM Higgs searches.). Since CLg is a 
ratio of confidence levels rather then a confidence level itself, its interpretation docs not directly relate to the usual 
language of a 5a discovery or exclusion. Instead it gives a conservative interpretation of the measured data, which 
is protected against insufficient statistics or insufficiently known backgrounds entering the measured likelihood ratio 



To estimate the luminosity at which we can expect the described Unhiggs scenarios to be eventually measured 
statistically significant, we identify the p value (which relates to the actually measured value Q by the experiment) 

with the median of the Unhiggs+background hypothesis (Q) . This amounts to a situation when the experiment's 
outcome exactly follows the Unhiggs median, thus giving rise to a lower luminosity bound for discovery. Wc compute 
significances from the probability of the background-only hypothesis to yield a result compatible with the Unhiggs 
hypothesis by statistical fiuctuations, i.e. we compute the "false discovery rate" 



1 - CLb = 



{QV 



dQQ'^iQ). 



(34) 
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A value of 1 — CL^ < 2.87 x 10~^ corresponds to the familiar notion of a discovery with a significance of larger than 
5ct. In figure [HI we also show the iblcr uncertainty band that arises from our computation of confidence levels. 

Figures [71 [8] and [9] quantitatively confirm the statements at the end of the previous section. In general, for d < 1.5 
the increasingly narrow resonance and the naive suppression of the pp ^ H cross section due to Eq. (|25p leave a 
generically smaller cross section than expected in the SM. Consequently, the current exclusion bounds from the 7 
TeV LHC data sample can be avoided. Also, if a SM-like Higgs excess is measured statistically significant in the near 
future, severe constraints on the combination of (d, fi) follow immediately. 

Eventually abandoning the Unhiggs hypothesis in favor of the SM becomes a question of large integrated luminosity, 
and, more importantly, experimental systematics. Since for small d > 1 the Unhiggs quickly approaches the SM, the 
small differences in the cross section are difficult to access experimentally, given the residual uncertainty of the 
background. In this sense the considered channel is indeed a best-case scenario. Further discriminating the Unhiggs 
from the SM Higgs req uires a detailed spectroscopy of the measured excess, which is performed best at a future 
linear e'*'e~ collider [4^. From figure[5|we conclude that the LHC can potentially probe d ^ 1.3 level with its target 
luminosity. This is also the luminosity at which WBF provides an additional excellent search channel (see, e.g., (29[ 
for a detailed signal and background analysis in the context of the SM), where the (Un)Higgs resonance is established 
at the 5(7 level. 

III. THE "CONFORMAL" YUKAWA COUPLING: USING THE ADS/CFT CORRESPONDENCE 

In the longitudinal W boson scattering process [6[, the only interactions involving the Unhiggs were gauge inter- 
actions, which preserve the conformal invariance at high energies. With the conformal invariance intact, unitarity is 
manifest. The root of the unitarity problem with the fermionic scattering process is that with the original Yukawa 
coupling we have explicitly broken the conformal invariance by introducing the cutoff A. This was the simplest cou- 
pling to introduce, but unlike the case of the gauge-Unhiggs interactions, it does not preserve the conformal nature 
of the theory, which causes unitarity to fail. In the case of the gauge interactions, there is a simple guiding principle 
which allows us to exactly determine couplings that preserve the conformal nature of the theory. The Unhiggs kinetic 
term in the action is completely determined by conformal invariance, and simply gauging this action yields gauge 
interactions which respect this invariance. Similarly, we expect that if we can find a Yukawa coupling which respects 
the conformal invariance, the it — > W^WJ^ process will also be unitary. Unlike the case of the gauge interactions, 
which simply involved gauging the conformally invariant kinetic term, we will have to make use of the AdS/CFT 
correspondence between fields in AdSs and 4D unparticle fields to find a Yukawa term which is conformal at high 
energies, as in Q- In this section, we detail the derivation of this "conformal" Yukawa coupling and show that unlike 
the naive SM-like case above, it is a non-local derivative coupling, a fact which is crucial for preserving unitarity. 

We will use the conformally flat AdS metric 

ds^ = -^ {rif.^dx'^dx'' - dz^) (35) 

with a brane located at z = e, which is equivalent to a UV cutoff A = 1/e, and the space extending to infinity. We 
will take the limit e — s- at the end of the calculation. The field content in our model consists of a scalar field and 
two Dirac fermions. The scalar field on the boundary will turn out to be the 4D unparticle field. We aim to calculate 
the Yukawa coupling between the unparticle and two fermion zero modes. The scalar action is 

S^ = \jdxdz {^\ ' [dMcpd'^cp "^A (36) 

In the fermion sector, we introduce two Dirac fermions ^l and '^ r written in terms of Weyl fermions as follows: 

^L = (j;;) (37) 

and 

*. = (g) . (38) 
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The fcrmion action is given by 



Sf = I d^xdz ( — 



iXL/R^^d^XL/R - i'^L/R<y^d^1pL/R + -^ [i'L/RdzXL/R " XL/RdzlpL/Rj 



cl/r + mL/nz 



{•^l/rXl/r + Xl/r:4'l/r) 



(39) 



where cl/r are the bulk masses and rnL/n sre the coefBcients of the z-dependent mass terms, which wih allow a 
subset of the fermions to have zero modes. The preceding fermion action is designed to make sure that we get two 
Weyl fermions which have zero modes in addition to continuum modes jSOj . Finally, the Yukawa interaction between 
the scalar and fermions is given by 



Sv = d X dz 



R\ Xr. 



(l^iXLlpR + XRlpL) +h.C. 



(40) 



where A5 is a Yukawa coupling of mass dimension —1/2. 



A. Analysis of the scalar action 



First, we analyze the scalar action in Eq. (|36p . Using dM<pd^' cj) — d, 
the action the equation of motion for (f) is 



we find that upon variation of 



9^9^0-a20 + -a,0 + 



Z Z'^ 



= 0. 



Going to momentum space, our differential equation for (with 4-momentum p) becomes 



5z</>(P)^) dz^(j>,z)'\-v^^{v-,z) 



m^B? 



■0(p,z) = O. 



(41) 



(42) 



The solution to this equation is 



0(p, z) = Az\aJ^(jiz) + hY^{j,z)\ , 



(43) 



where v = \J \ + rn?B? and -p = yT^. We will sec that v relates to the scaling dimension of the unparticle via the 
relation di = 2 — v. The values a and h are determined by the boundary conditions in the IR, z — > 00, and we will 
leave them undetermined, while the normalization constant A is determined by the boundary conditions (BCs) on 
the UV brane [5|. We will impose the UV boundary condition 0(p, e) ~ (t>oip)- This determines A, and the solution 
to (j)(j), z) becomes 



4>{p,z) = (t>Q{p) 



z\ 2 ajy{pz) + bY^{pz) 



£/ aJ^{pe) + bYi,{pe) 



(44) 



Plugging Eq. (|^^ back into the scalar action and integrating by parts, we find that the integral over z reduces to a 
pure boundary term on the UV brane: 



Sd 



d'^p 

(2^ 



0(-_p, z)dz(j>[p, z) 



(45) 



By definition, (t>{—p, s) = 4'a{—p), so we must calculate only the term dz4>ij>, z)\e. Also, we are interested in the range 
of scaling dimensions 1 < ^5 < 2, which means that v is constrained to the range < i^ < 1. For these values of v, 
Y^{p£) ^ Ju{pe) as £ — > 0. Therefore we will only need to keep the second term from the denominator of Eq. (|44p . 
Using these facts, and using the series expansions for the Bessel functions, we find that the action can be separated 
into a local term and a non-local term. The local term is given by 



S. 



(p. {local) 



^,M-p)Mp) (f 



-(2-^) 



+ 0(£°) 



(46) 
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This local term can be removed by UV brane countertcrms, and we will not consider them further [5|- The non-local 
term is given by 



1 r w4 / T?\ 

S 4,, {non-local) = 2 / T^^*^" (-p)'?!>(p) ( J 

If we rescale 4>o so that 



6 22-[r(zy)]2^ ^ ' 



(47) 



we find that the non-local part of the action (in the e ^ limit) is 

S4,Xnon-local) = ^ / T^^<t>'o[-p)P^'' 4''o[p) ■ (49) 

This action is exactly the action for a 4D scalar unparticle (p^ with scaling dimension ds = 2 — v. 

B. Analysis of the fermion action 

We now proceed to solve for the 5D fermion wavcfunctions from the action given in Eq. (|39p . From the variation 
of Xl/r we find 

i^'^df.XL/R + dz-lpL/R - ( '■ ] -(pL/R ~ rUL/RlpL/R = (50) 

and from the variation of 4'lir we find 

f2-CLm\ 
la'^df.ipL/R - d^XL/R + ( I Xl/r ~ mL/jiXL/R = . (51) 

Next we separate the 5D fields as follows: 

Xl/r{x, z) = Xo,L/R{x)gL/Riz) (52) 

■ipL/Rix, z) = ■4'ox/R{x)hL/R{z) . (53) 

Using the 4D Dirac equations 

■i^''df,Xo,L/R = ~p-ipQ,L/R (54) 

ia'^df^'ifjo^L/R = ~PXo,L/R (55) 

along with the fact that we are interested in zero modes {p = 0), we find the following equations for Qo.l/R. ^^^ h^j^^ji: 

9z9o,L/R - i -^^ j 9Q.L/R + mL/Rgo,L/R = (56) 

dzK,L/R - ( I /io,L/fl - mL/nho^L/R = . (57) 

Solving for the zero mode wavcfunctions, we get 

go,L/Riz) = So (I) '"'''" e-"-/«^ (58) 

ho,L/Riz) = Co (-) e'"-/«^ (59) 

where Bq and Cq arc normalization constants with mass dimension 1/2. From the form of the zero mode solutions, 
we see that Xl/r. has a normalizable zero mode solution only for mi^m > while tpL/R. has a normalizable zero 
mode solution only for mj^/ji < 0. We will choose to^ > and tti/j < 0, so that xl and ipji have zero modes. 
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whereas XR ^-nd ipL do not. The fermions wih also have continuum modes (and possibly discrete modes with non-zero 
masses, depending on the values of c^^ z^, see [50|) but we will only be interested in the zero modes for now. With the 
restriction that m^ > and mn < 0, the normalization constants are 

Bo = (2mii?)-^^ (2mi)^ [r(l - 2cL,2mLe)]-^ (60) 

Co = (-2TOii?)=«(-2mflJ^[r(l + 2cii,-2mfle)]-5 . (61) 

For convenience, we define dimensionless normalization constants as follows: 

Bo = boR-^ (62) 

Co = coi?-^ . (63) 

C. Analysis of the Yukawa coupling 

We are now ready to calculate the form of the 4D Yukawa coupling between the scalar unparticle and the fermion 
zero modes. After Fourier transforming the 4D fermion fields, the first term in the Yukawa action (Eq. PO)) ) becomes 

"^^ " / 72^)^72^72^^^^^'^^^'^''^^'^°''^'^^''^°'^'''^^^°'^^^ 9o,L{z)ho,R{z) . (64) 

Plugging in (/'o(p, z), go.hiz) and ho^ii{z) as well as substituting (j)'o(p) for <t>o{p), we find that the Yukawa coupling Fy 
between the 4D fields (p'oip), Xo.L(fc) and V'o. /?('?) is given by 

and after taking £ — > and simplifying we find 

Ty = -^w|i?"^~"«'5y^p"6oCo /'zi-"^-"«e-('"^-™«)V.(pz)dz (66) 

where ho and cq are given in Eqs. ((60)) - (|63|) . With an eye towards our later definition of the Yukawa coupling in the 
4D theory, we redefine the conformal Yukawa coupling in Eq. (|66p as 

^ -^(q2) (67) 



where F(jP) encodes all of the momentum dependence and A is a dimensionless coupling constant. To find F{p'^), we 
must evaluate the integral over z in Eq. (j66p . It is given in [5l|: 



oo 



e 



-at 



, ,, 1 ^b^TU + iy) fn + vl-iL + v 6^ 

Uht)t^-Ut = -_^-_^^--^_2Fi ^, -± ; ^ + 1; — -. . (68) 







{a^ + b-^)W+-)T{u + l) V 2 ' 2 ' '62 



The above integral is convergent if the following conditions are met: Re(a + ib) > and Re(a — ih) > Q as well as 
Re(i/ + /i) > 0. In our case, b = p, a ^ mL — mji and p. = 2 — cl + cr. Thus we see that for convergence cl — cr <2 + v. 
Also, since p is always real, the only other condition is tjil — rnn > 0, which we already assumed to be true. Note 
that the limits of the above integral are zero to infinity as opposed to ranging from e to infinity, which is the range 
of our integral over z in Eq. (|66p . This only introduces corrections of order e, which will go to zero as we take £ — > 0. 
The Yukawa coupling then becomes 

Fy = 7=\tR ^/lip boco- 



V2\ b -^ ((TOi-TOfl)2+p2)i(2-cz,+c«+^r(l^+l) 

f2-CL + CB + i^ CL-CR + iy~l p2 \ 

V 2 2 [mL - miiY + p^ J 
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The conformal Yukawa coupling at high momentum 

Since, to investigate unitarity, we are interested in the high energy behavior of the theory, we will want to take the 
high p limit of the conformal Yukawa coupling. In the limit p ^ mi^ — mj^ the last argument of the hypergeometric 
function goes to one, allowing for considerable simplification. Substituting i^ = 2 — dg, we get 

Making the fernuons elementary 

In the Unhiggs theory, we take the fermions to be elementary. Setting cl and cr to 1/2 and —1/2 respectively 
yields a scaling dimension for the fermions of 3/2, allowing for their interpretation as elementary. This yields the 
following form of the Yukawa coupling: 

A_ /^TT r(3 - d) ^_^ 



lim ,, ry = --=, --&oco-id;T— ibrP'" ■ (7i) 



From now on wc will take the Yukawa coupling with elementary fermions to be the definition of the Yukawa coupling 
in the Unhiggs theory. The important conclusion is that the momentum dependence of the coupling is simply p^^"^, 
so that 

lim F(p2) = AdP^-'' (72) 

p— ^oo 

where Aj_ is a momentum- independent constant defined by Eqs. (p7)) and ([7T|) . We find then that the conformal 
coupling, unlike the non-conformal coupling, is a derivative coupling, depending on the momentum scale to a non- 
integer power. 

D. Unitarity of it -^ VVl^l ^^ith the conformal coupling 

Our previous calculation shows that the conformal Yukawa term in the Lagrangian is now given in momentum 
space by 

LY.c-^-\tiB.^F{p')(^^ +h.c. (73) 

where F{p'^) is given by AdP^^^^ at high momentum. The mass term for the top quark is given by 

mt = --^ — ^— . (74 

The value of F(0) is arbitrary and for convenience we set it equal to 1, so that the mass term takes the same form as 
in the case with the non-conformal coupling (Eq. ([H)) ). The Yukawa coupling between the physical Unhiggs and the 
tt pair is now given by 

Vy^c = ^'^F(J?). (75) 

Therefore the Unhiggs exchange diagram will have a factor of F{p'^) which was not present in the case of the non- 
conformal coupling. 

There is another important consequence of the momentum dependence of the conformal Yukawa term in Eq. (|73l) . 
Because it contains a derivative in position space, it must be gauged. Since it is non-local, it will yield terms in the 
Lagrangian coupling the Unhiggs, it and arbitrary numbers of gauge bosons. More specifically, there will be a term 
in the Lagrangian coupling the Unhiggs, tt and two W bosons. Upon taking the Unhiggs to its VEV, this term will 
yield a contact interaction which will contribute to our scattering process tt — >■ W~^W~. This diagram is shown in 
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wrik^) 



tdp) 



wj:''{k-) 




Uf) 



FIG. 10: The contact diagram which results from gauging the non-local Yukawa coupling. The cross denotes that 

the Unhiggs is taken to its VEV. 



figure [ini We now proceed to derive the Feynman rule for this diagram. Using the result in [201, ^^ ^^^ ih.dX after 
gauging Eq. (|73p , there is a term in the Lagrangian given by 



£ 



^,Gauge - -Q^ ^,tRH\p)T^T^ A^qM^M) (^) G"'^b, 91,92) + 



h.C. 



where T"" ^T^ are the generators for the gauge fields A°, A\ and the function G"^(p, 91,92) is given by 



G"''b,9i,92) 

(2p+g2)^[2(p + 92) + 9i]" 
2(p + 92) -91+9? 
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2p ■ (91 + 92) + (91 + 92) 



[F((p + 9i+92)')-F(p2 



F{{p + 91 + 92)^) - Fjp^) Fjip + 92)^) - F(P^ 
2p ■ (91 + 92) + (91 + 92)^ 



2p • 92 + 92 



(76) 

(77) 
(78) 



Upon identifying the gauge bosons with W^ and W^ (with momenta fc+ and k , respectively), this leads to a contact 
interaction between the top, anti-top and the two W bosons given by 



/_^iiG-(0,fc+,fc-) = ^^G-(0,fc+,fc-), 






(79) 



We now have two "Unhiggs" diagrams to consider: the first being the conformal Unhiggs s-channel exchange 
diagram in figure [2] and the second being the contact diagram in figure ITOl The exchange diagram amplitude is simply 
given by the non-conformal amplitude from Eq. (j20p multiplied by F{s). 



Mh,c -= -V2GFmty^F{s) 



A-2d 



{„^-s) 



2-d 



^4-2d _ ^4-2d 



(M^ 



The contribution to the amplitude from the contact diagram is given by 

Meant = v{p')g^T+cS£^Xk+)e,{k-) 
which simplifies once we contract the vertex in Eq. (j79p with the W polarization vectors. This yields 



e^(fc+)£^(fc^)G^''(0, fc+, fc-) = e(fc+) • e(fc-) 



_ F{k+ + k-) - F{{)) 



(fc^ 



(80) 



(81) 



(82) 



Finally, putting the contributions from Eqs. ([TT|) . (|80l) and (1551) together, the tree level amplitude for the process 
tt — >■ W^W£ is given by 



Mc = \/2Gi.TOtVi + ^/2GFmt^/^[F{s) - 1] - ^/2GFmt^fsF{s) 
Upon taking the limit s 3> ^, m^ this yields 



,,4-2d_i^4-2d_ 



-it^^-s? 



(jj.^-sy 



(83) 



M = V2GFmtm'^-'^'^{~l)'^-'^F{s)s'^ 



(84) 
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The only difference between this amplitude and the non-conformal amplitude is the presence of F{s). This is a crucial 
difference, however, as upon taking the high energy limit of F(s) we find that the amplitude becomes 

Mc = V2GFmtm^-^''{^lf~^AdS^s''-i = V2GFmtm^-^''{^lf-^AdS^ (85) 

We see that for all d in the range 1 < d < 2 the amplitude is a decreasing function of s, and therefore the process 
does not violate unitarity. 

IV. SUMMARY & CONCLUSION 

The Unhiggs scenario [y] has interesting phenomenological implications, which can be tested at the LHC, already 
with early data [13, [53 . 

While spontaneous symmetry breaking assures that the weak boson fusion channels with clean leptonic final states 
remain unaltered, the unitarity bounds that result from the interplay of the Yukawa and gauge sector leave constraints 
on the model and imply a modified phenomenology of gluon fusion channels. We have investigated these modifications 
in the clean gold-plated mode H -^ ZZ -^ 4 leptons. Measurements in this clean channel will provide stringent bounds 
on the Unhiggs scenario, with only a minimum of experimental uncertainties. On the one hand, if a SM Higgs candidate 
in the mass range where this channel is important is observed in the future, we show that the Unhiggs hypothesis 
can in principle be tested at the percent-level in this channel. On the other hand the non-observation of Higgs can 
be accomodated in the Unhiggs scenario with d ~ 1.1. 

For d > 1.5 the low energy effective theory has to be completed by a conformally invariant Yukawa coupling to 
avoid unitarity violation in the massive quark scattering tt — > VV amplitudes. We achieve this by extending the ttH 
coupling of Ref. [g to a "conformal" Yukawa coupling. Within the framework of AdS/CFT we demonstrate that this 
modified coupling serves to restore unitarity over the full parameter range 1 < d < 2 in the high energy limit. This 
is tantamount to a modification of the heavy fermion sectors and an extended fermionic spectrum, and we leave a 
phenomenological analysis of these implications to future work. 
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